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XKTEODUCri IK 



nhilo the* normal operating condition of a carburetor 
engine is with throttled intake (oxcopt for maximum power), 
tho air intake of a compression-ignition engine is not throt- 
tled under ordinary conditions since the control of power 
is accomplished by varying tho volume of the fuel charge. 
However, certain typos of Installations impose restrictions 
in the intake system which produce a considerable throttling 
effect. Common examples of this effect are found In the 
use of air cleaners, tho long an! restricted Induction 
systems of submarines or in the operation of Die sol engines 
at high altitudes. It was to determine the effect of these 
conditions upon the operation of the engine that the sub- 
ject investigation was undertaken. 
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KXrER.I M ENT A L, SETUP 



A four-cylinder, four-cycle Caterpillar D-4400 Diesel 
engine, having a 4-1/4- In. bore, 5-l/2-in. stroke, 312-cu in, 
piston displacement, a 16:1 compression ratio, was direct- 
connected to a 50-hp electric cradle dynamometer. Tho air 
induction system consisted of a l-l/2-in. diameter boll- 
mouthed orifice inserted in one end of a 30 -gal steel drum 
used as a surge tank;. Connecting tho surge tan!: to tho 
air cleanor installed at the engine intake manifold was 
an 8 - ft section of 2-1/2- in. inside diameter pipe together 
with a short section of rubber hose. A gate valve was In- 
serted in this lino near tho exit from the surge tank to 
act as the intake air throttling valve. An inclined man- 
ometer (Ellison draft gauge) was used to measure tho pres- 
sure drop across the orifice and thereby measure the rate 
of airflow through the orifice. A 195*5 ml burr et to was 
installed for measuring fuel consumption* A three -way 
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valve In the fuel supply line to the fuel Injection pumps 
transferred the fuel supply from the regular engine fuel 
system to the burette during fuel consumpti on runs. A 
synchronised revolution counter and electric tiner served 
to count the number of revolutions made and the elapsed 
time of each run. The Jacket-cooling system was not changed 
axid water temperature was controlled by the regular* radi- 
ator and fan. A chromol-alumel thermocouple In a quarts 
radiation shield was installed in the exhaust pine between 
the exhaust manifold and the muffler. The 6-in, long, 

1/4- in. inside diameter quarts tube open at both ends pro- 
jected into tho center of the exhaust pipe. The thermo- 
couple Junction was located 1/4 of an inch inside the Inner 
end of the quarts tube. The difference In pressure be- 
tween tho exhaust gases and the atmosphere caused the hot 
gases to swoon through tho tube and by tho thermocouple 
with a moderate velocity. The exhaust gas sampling con- 
nection was made at the Junction of the exhaust manifold 
and the exhaust pipe. Views of tho experimental setup 
are shown in Figs. 1, 2 and 3 which follow this section. 

A high-grade Diesel fuel was used for all runs. 

This fuel had a viscosity at 100° F. of 40 seconds 0&y- 
bolt Universal; its specific gravity at 61* F. wan 33*2'* 
A.F.I.; and its cetane nurber was greater than 4p. 
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FIG. X. A VI Eu OF THE 



L r •*:><?* 
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A, Fuel measuring burr e tie. 

B, Three-way cock. 

C, Fuel throttle or governor control lever. 
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FIG. 2. A VI SK OF TUe. SETUP FROM THE RIGHT SIDE OF EHOIRfi. 



A. Exhaust gas sample connection. 

3. Exhaust temperature thermocouple position. 

C. Air-mot or ing orifice. 

D. Intake air throttling valve. 

E. Draft gauge measuring pressure drop across orifioo. 
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F10, 5. A VI ©v OF THY £XHAU3? GAB COLLECTING AND ANALYZING 

AFFLATUS. 



A, Orsat apparatus taking a 100 ml sample, 

B, Collecting and mixing tank. 

C, Connection from exhaust manifold of engine, 

D, Vent. 

K* Viator supply. 

F. Aator Grain. 

G. Connection to Orsat apparatus. 
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F10, 3, A VIES? OF THE KXHAU3T CUB COLLECTING AND ANALYZING 

APPARATUS. 



A, Oraat apparatus taking a 100 ml sample, 

D, Co Hooting and mixing tank. 

C, Connection from exhaust manifold of engine. 
0. Vent. 

L, tator supply. 

F. Water drain. 

G, Connection to Oraat apparatus* 



TKST PROG-*:D T JRr: 

The primary purpose of this investigation wan to de- 
termine the variation in fuel contmmptiori for a constant 
load and speed when the charge efficiency wan varied by 
throttling the air intake. Of secondary importance was 
the effect of reduction in charge efficiency upon the 
exhaust temperatures. Jacket-cooling water temperatures, 
detonation and soot formation. 

Huns wore mad© at 900 rpm and 1300 rpm, brake mean 
of foot! ve pressures of 60, 45, 30 and 15 lb/sq In., and 
charge efficiencies, referred to dry air at 63* F. and 
14.7 lb/sq in., of from .60 to approximately .90. 

Before starting runs the engine was brought up to 
operating temperatures. The governor was set to give 
tho desired speed; the field and armature rheostats 
wore adjusted to give tho desired load; and the air in- 
take throttle was adjusted to allow the induction of the 
desired amount of air. i»hon the engine had settled down 
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to steady operating tesroerafcures the va 1 vo \ n t>c fu*i 7 5ne 
was shifted go that the empiric was taking fuel from the 
burette. >»hen the fuel level in the burette passed the 
upper nark a switch was closed which started the electric 
timer find inserted the revolution counter. ?«hen the low- 
er mark was pa o cod tho switch was opened., stopping the tim- 
er and tho revolution counter. The air temperature at 
tho orifice. Jacket-cooling, water temperature, fuel tem- 
perature, exhaust gas temperature and reading of the pres- 
sure drop across tho air-metering orifice were recorded 
during tho run. Tho exhaust gas sample wan also collected 
during the run and analyzed immediately using the standard 
Orsat apparatus. After a run was completed the fuel sup- 
ply to the engine was shifted back to normal and the bur- 
ette refilled. 

the quantity of air supplied was computed from the 
barometric pressure, air temperature and pressure drop 
across the orifice. This figure was converted to charge 
efficiency referred to ntarkhird conditions (dry air at 
63* F. and 14.7 Ib/sq in.) and is recorded as such. The 
effect of atmospheric huni&ity was found to be negligible. 
The capacity of the fuel burette was converted to pounds, 
using the fuel temperature to obtain the correct fuel dens- 
ity; and the fuel consumption was recorded as pounds of 
fuel per revolution. 
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Coot formation was measured by using Uio Ackemann 
Combustion Triangle [Ij. The diagram ie entered with per 
cent carbon dioxide and per cent oxygen In dry exhaust gas 
as argument a . Soot in recorded an that fraction of the 
carbon in Uio fuel which la not burned. 

The air temperature at the air-motoring orifice was 
measured, with a mercury there: omotr r, The fuel temperature 
was obtained by means of a copper-conetantln thermocouple. 
Jacket-cooling wal-'r temperature was given by the regular- 
ly installed thernometor . 



Cl] G. \ckernann, hr. Ing, Combustion Trlanrlc at 3oot 

. . Vcrb roniiunf;gdr q le ck ,_b cl, JaU 3 sM. 1 d.uqg. . 
Forahungshcft >66 - "'ay Juno, 193^. 
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rho results of this investigation are shown in Figs. 

4 to 7 incluoive. Fig. 4 shows the relation between fuel 
consumption and charge efficiency for different brake moan 
effective pressures and constant speeds of 900 and 1300 
rpm. Fig, 5 shows the relation between fuel economy and 
charge efficiency for different brake r.can offeotivo pres- 
sures and constant speeds of 900 and 1300 rpn. Fig. 6 
and Fig, 7 show, respectively, the relation between ex- 
haust temperatures and charge efficiency and between un- 
burned carbon in exhaust and charge efficiency for dif- 
ferent brake mean effective pressure# at 900 rpm. 

f Ir. . 4 : - These curves present In graphical forn 
the major portion of the investigation. In addition to 
showing the relation between fuel consumption and charge 
efficiency it shows tho relation between each of the fore- 
going and air to fuel ratio (per cent theoretical air) . 
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The d&ohoA and full linos show the variation in fuel con- 
sumption with chance in speed. The incrowentn of brake 
mean effective pressure chosen represent full load, three- 
quarter load, half load and one-quar ter load conditions. 

Fir. h ; - fir., 5 presents the same data as Fig, 4 
in more conventional units and In a slightly different form, 
however, it was not possible to present in this figure x,he 
lines of constant par cent theoretical air. 

Fir. 6 : - The actual values of exhaust temperature 



presented in these curves are not particularly significant 
because the design of the thermocouple v an not intended 
to producer extremely accurate results* However, the man- 
ner in which the temperature varied with charge efficiency 
for tho different brake moan effective pressures in con- 
sidered both inter© a ting and significant. 

Fir. 7 : - Those curves are interesting ' n that they 
chow the effect of charge efficiency and load upon the 
oo»pl*tene«e of combustion of the fuel. 



The extent of the curves in all the figures fro” 4 
to 7 as limited by the following conditions? The charge 
efficiency could no t be materially reduced below a value 
of .60 because of the severe detonation which resulted. 

The upper linito of charge offioienoj represent unthrot- 
tled conditions. The 60 Ib/aq in. brake mean effective 
pressure curves woro ter' inatad when the fuel purp reached 
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tho ll.lt of its rack sottlnr an:! was Injecting the naxlira 
quantity of fuel. 
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JISCUSSIjH 



Tho fuel consumption of on internal combustion engine 
is affected by the load, s^eed, charge dilution, friction 
loaoes, looses to Jacket- coo ling water, locoes to exhaust 
gases, pumping looses, air to fuel ratio, atmospheric tem- 
perature, pressure and humidity, the ignition and combus- 
tion of the fuel. Since this investigation was conducted 
In ouch a way that the speed and load was maintained con- 
stant for any single ■ run and since the atmospheric tem- 
perature, pressure and humidity remained substantially 
constant for all runs these factors can bo subtracted from 
the list of variables. 

Charm e dilution . Charge dilution Is caused by the 

residual exhaust gases which remain in the clearance apace 

at the end of the exhaust stroke. The volume of those gases 

% 

la constant but their weight is dependent upon the exhaust 
pressure and temperature. Ab the load is increased the 



IT 




+** i V pw I'M < * «« w W n * M 4r 






18 



exhaust pressure rises tending to Increase the weight of 
the residual canes. At the cone tlr.o the ter., orature 
risen ton&inc to decrease the weight. The exhaust gases 
no they mix with the incoming charge incre use its temper- 
ature, thereby decreasing the charge efficiency for a 
given suction pressure. fh© adverse effect of charge di- 
lution upon the thermodynamics of the cycle is to inhibit 
combustion by do creasing the ratio of oxygen in the charge 
to the nitrogen and carbon dioxide present, this adverse 
effect incre aaea with decrease in charge efficiency and 
also with decrease in air to fuel ratio. In the first case 
the amount of oxygen brought in by the fresh* charge is 
reduced; and in the second, there is less oxygen and 
more carbon dioxide remaining in the rbssi&ual gases, 
because cor 1 prcijolon- ignition engine a have relatively small 
clearance volumes and operate with conn ider able excess 
air charge, dilution lo much less important than in c ar- 
bors tor engine s . 

Friction losses . Friction losses arc functions of 
engine speed and piston pressures and increase with an 
increase in cither of the two. 31nce the influence of 
other factors is likely to bo airall and since t) o brake 
mean effective pressure and o needs were maintained con- 
stant for oach run it lo believed that tho friction losses 
for oach run remained substantially constant. 
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bo sses to co o ling, water . If the heat release within 
the cylinder is kept constant (viz. constant fuel charge), 
and, by throttling, the air charge is decreased, the re- 
sult will be an increase in the toorerature of the com- 
bustion gases during the power and exhaust strokes. This 
is duo to U q fact that there is a looser weight of com- 
bustion jroducta to absorb the given amount of heat. The 
effect of increased specific boats and dissociation at 
high temperatures work in the direction of decreasing the 
temperature but are overshadowed by tho mass effect. >lnoe 
t> o temper a tu re dur Ijig the Intake stroke will be relative- 
ly unaffected, tho net result in to increase the average 
temperature during tho cycle with increased throttling of 
air. The average pressure during the cycle, for a given 
brake moan effective pressure will remain substantially 
constant regardless of throttling. Then, sinco U e loss 
of heat from tho gases to tho cylinder walls are pro por- 
tional to (l l2 T)l/^ [1], the lo seen to tho cooling water 

will be increased with, increased throttling of air. 

hogs os to exhaust rases . Since, as vra? shown above. 



[lj husselt, >'ilh#lr , Dor ft armouborgang in dor Vorbron- 
nugokraf tisan chine , For o chunr. e arb site n . Koft 
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tho gasos of combustion ares ho t ter for increased air throt- 
tling, It follows that the lose to t'‘e exhaust gases will 
be greater. 

.'ur.^lnr loa non . Ono effect of a throttle intake 
on the Indicator card of an engine la to lower the suc- 
tion lino. Since the exhaust line will be affected very 
little, the resulting negative loop f ormed by tho exhaust 
and intalc o strokes will become larger. This area repre- 
sents the purring losses, and with increased throttling 
may become fairly large. 

Air to fuel rat io. For a given fuel input, reducing 
tho air charge results in a decrease in the air to fuel 
ratio, which In turn will reduce the cycle efficiency Cl]. 
The effect is much more pronounced at lower values of air 
to fuel ratio, the efficiency curve flattening out consid- 
erably at about 3^0 per cent theoretical air. 

Ignition and combustion . The reduction in the pres- 
sure at the beginning of the compression stroke will cause 
a reduction in the compression pressure a nd temperature , 
which will affect the ignition and combustion of the fuel. 

c, 

Cli G.A. Goode nough and J.3. Baker, "A Thermodynamic 

Analysis of Internal Combustion Engine Cycles”; 

tho Anr,. dxn. Cta. of the Unly. of 111 . 
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This, In turn, will affect the shades of the indicator dia- 
gram and the thermodynamics of the working process. 

It was not fouiid practicable to fit engine indicators 
on the engine used In the investigation; and without in- 
dicator diagrams to give some idea of the way in which 
combustion takes place, it is almost impossible to discuss 
the effect of throttling air intake upon the thermodynam- 
ic cycle. It would be inadvisable to apply conclusions 
concerning ignition delay and rate of pressure rise drawn 
froia any ono engine to another engine in which the process 
of injection and distribution of tbs fuel is not exactly 
similar. Judge [1] lists trie factors which will decrease 
the ignition delay and increase the speed of combustion 
as; 

(1) increase in turbulence; 

(2) increase in compression pressure; 

( i ) mi f> o reharging ; 

(4) doped fuels. 

Since throttling the air intake reduces the compression 
pressure and is the inverse of supercharging it say be 
assumed that it will increase the ignition vie lay and af- 

[1] A.u. Judge, "lilgh-Jpeed nicsel .vngln«a M • Chapter 

on combustion. 
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feet the combustion process adversely. 
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Confirming this assumption. 



r.i!, Schweitzer's work [1] 



on jioool knock, in which the air intake of a compr# as ion- 
ignition engine was throttled, revealed that under throttled 
conditions the peak ore sour os wore decreased although the 
rate of pressure rise (the governing factor in dotomtl m) 
increaaod , The ignition delay was also increased. The 
result of this reduction in peak ere c sure s and increase in 
ignition delay would lx* a decrease in the average expansion 
ratio of tho engine, thereby decreasing the efficiency of 



the cycle . 

Sum mary - On tho basic of theoretical cons id orat lone 
and the results of previous investigations it lias boon 
shown in tho foregoing discussion that a decrease in charge 
efficiency increases losses to cooling water, looses to 
exhaust gases and punping losses. It also increases charge 
dilution, air to fuel ratio, ignition delay and speed of 
combustion, and thereby decreases the cycle efficiency. 

Tho drop in cycle efficioncy due to tho so effects is core 
rapid under full load than under light load conditions. 

* The experimental 

results shown lri the curves of Figs. 4 and 5 are In gon- 



[1] P.H. Schweitzer, ”Dioaol Knock” ; vroc. -.nor. Sac . 



kj&sh.»- - w,r.s . hov. 1933. 
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oral agreement with the above theory and previous inves- 
tigations* The slope of the curves for low brake mean 
effective pressures is relatively flat but shows a def- 
inite increase in fuel consumption with decrease in charge 
efficiency* »hile for high brake mean effective pressures 
the slope increases rapidly with decrease in charge ef- 
ficiency. 

The increase in temperature of the exhaust gases shown 
in Fig. 6 substantiate the statement that looses to exhaust 
gases increase with decrease in charge efficiency. 

There was noted, but not recorded elsewhere in this 
report, a definite increase in jacket-cooling water tem- 
perature with decrease in charge efficiency. The rises 
In temperature during the 900 rpn rune from the un throt- 
tled to the limit of the throttled air intake conditions 
were as follows: 

(1) for a bmep of 15 lb/sq in. 4 C F.j 

(2) for a bmep of J>0 lb/sq in. 5* F.; 

(2) for a bmep of 45 Xb/sq in. 7 & 

(4) for a brr.ep of 60 lb/sq in. 9 C F. 

These results agree with the statement that there would be 
greater losses to the jacket-cooling water with decrease 
in charge efficiency. 

It will bo noted in Fig. 7 that as the charge effic- 
iency decreased there was an increase in the completeness 
of combustion of fuel, which was greater under light load 
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conditions t v :an under fullload condi tiono* Phio would 
counteract to some extent V<o adverse effects u’.ou cycle 
efficiency of decrease l*i cliarce efficiency; and say ox- 
plain the flatness at low loads of the fuel consumption 
curves in 4 and 5. 



C0KCLU3I Jim 

Pho throttling of the air intake of a prc-oosibustion 
chamber Diesel engine delivering; a constant horsepower 
output at constant speed creates the following effects: 

{l) Decreases the overall efficiency and fuel econ- 
omy of the engine. 

(2) Increases the boat looses to the exhaust eases 
and to the cooling water. 

(D) Increases the pumping losses. 

(4) retracts free the smoothness of running of the 
engine and when the charge efficiency is sufficiently 
reduced causes severe detonation. 

(5) Increases ignition delay. 
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